7646 DWILEY i@

Angewandte

Minireviews

S. J. Danishefsky et al.

DOI: 10.1002/anie.201301666

The Winding Pathway to Erythropoietin Along the
Chemistry—Biology Frontier: A Success At Last**
Rebecca M. Wilson, Suwei Dong, Ping Wang, and Samuel J. Danishefsky*

amino acids - erythropoietin - glycoprotein -
synthetic methods - total synthesis

The total synthesis of a homogeneous erythropoietin (EPO),
possessing the native amino acid sequence and chitobiose glycans at
each of the three wild-type sites of N glycosylation, has been accom-
plished in our laboratory. We provide herein an account of our decade-
long research effort en route to this formidable target compound. The
optimization of the synergy of the two bedrock sciences we now call
biology and chemistry was central to the success of the synthesis of

EPO.

1. Introduction

Our laboratory recently disclosed the first total synthesis
of a homogeneous, wild-type erythropoietin (EPO) glyco-
protein. In this retrospective, we recount highlights of the
decade-long research effort which culminated in reaching this
elusive goal. In so doing, we attempt to convey the sense of
the struggle in the context of a larger and broader question,
that is, how to interface the capabilities of chemical synthesis
with the seemingly forbidding challenges of synthesizing large
biomolecules in a cell-free context without the benefit of
enzymatic and nucleic acid-mediated orchestration. We
viewed the EPO synthesis challenge as an opportunity to test
our privately held perception that the field of chemical
synthesis had matured to the point that even a glycoprotein
biologic of the scope and complexity of EPO could be seen as
a not totally implausible target for total synthesis. We were
certainly not confident that all the pieces of the looming
puzzle were already at hand. The venture was undertaken in
the context of a perhaps naive hope that the required
capabilities might be filled in by drawing from the very
powerful lessons of mechanistic organic chemistry. Needless
to say, the field of protein synthesis has witnessed numerous
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impressive advances in the preparation of biologically active
glycoproteins and glycopeptides.'! However, as will be
shown, the highly complex, multiply gycosylated EPO
glycoprotein was seen to present a singularly formidable
synthetic challenge.

Before launching into the EPO project per se, it is perhaps
appropriate to air some general thoughts about interactions
between chemistry and biology. Indeed, it is increasingly
evident that many of the most inviting and challenging
problems in drug discovery are only approachable by
combining various scientific disciplines in a synergistic man-
ner. In attempting to create such frontier-level scientific
interdisciplinary collaborations, it soon became apparent that
the diverse cultural patterns of the core discipline may give
rise to differing linguistic nuances. These subtleties must be
appreciated for optimal cross-disciplinary communication.

For instance, in the case of the biology-chemistry frontier
of greatest interest to us, much of the cultural variations are
rooted in the differing historic missions of the hardcore
disciplines. Thus, biology has traditionally excelled at delin-
eating function in extraordinary detail, often in the absence of
clearly defined structures, or even homogeneous substrates.
By contrast, chemistry, which tended to focus on relatively
narrow, but well definable issues of structure, often (unfortu-
nately!) overlooked momentous questions of function.

Again, in the context of their historic preoccupation with
precise recognition of function versus precise definitions of
structure, the term mechanism calls forth different connota-
tions. Given the higher order of complexity of the problems
traditionally encountered in biology, mechanism is seen as
defining the minimum number of biocomponents necessary to
bring about a functional consequence. Successful demonstra-
tion of the functional phenomenon, even in a cell-free setting,
suggests that the mechanism is well in hand. By contrast,
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given the more confinable nature of the typical problem in
chemistry, mechanism carries with it a higher order of detail.
In chemistry, mechanistic command suggests a reasonably
precise insight as to how substrates (and reagents) interact to
bring about structural changes at the covalent or noncovalent
levels. In principle, at least (if not always in practice), one
would aspire to know how the structural features in the
environs of the cleavage and bond-forming sites modulate the
chemical outcome.

An indication (though not fully rigorous) as to whether
one is on the right track with respect to mechanisms in
chemistry is the ability to build on the insights gathered and
use them to successfully craft a new chemical transformation.
Thus, in chemical synthesis, as well as biological synthesis,
there is an ongoing synergistic interactivity with mechanistic
understanding.

The meanings of the term synthesis in biology and
chemistry are often quite different in perception and scope.
Generally, synthesis, as understood in biology, involves a fairly
limited terrain of targets which are assembled by enzymatic
means under overall cellular management. More often than
not, the targets are structures of repetitive motifs (polypep-
tides, oligosaccharides, or oligonucleotides). Particularly in
the case of polypeptides and oligonucleotides, these repeating
units are assembled under some form of template manage-
ment with truly impressive quality control, and (in the view of
the chemist) enviable catalyst turnover and yield.

In contrast, synthesis in the language of chemistry, carries
with it a broader connotation since, at least in principle, any
structure capable of existence can be assembled in the
laboratory. Newly developed methodologies enable fashion-
ing of wholly new strategies with which to deal with novel
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targets as they come along. The concept that the only
limitations to the power of synthesis to construct novel, and
even highly complex targets, arise from limitations in
imagination and persistence, is in our view a particularly
unique message which chemistry offers to the world of
“gedanken.”

In this Minireview, we provide a particular case history
wherein we undertook to synthesize EPO in our laboratory.
Being chemists by trade and culture, our target was at the
structural level, non-negotiable. It had to encompass the exact
primary structure corresponding to the natural glycoprotein.
While relevant model targets would be pursued as part of the
exercise, in the end there could be no tampering with the
highly conserved polypeptide structure corresponding to the
real EPO. Moreover, all of the highly conserved sites of
glycosidation would have to carry glycan domains joined
through natural linkage modes.

As for the glycosidic domains themselves, here the
problem becomes even more complicated because of the
serious inhomogeneity in EPO itself. It remained to be
determined how we would deal with a target which, while
definable in terms of primary protein structure and biological
function, represents in chemical terms a conceptual average
of hypothetical individual structures, none of which was
previously characterized in pure form. Given the uncharac-
teristically lax management of nature (for instance Chinese
hamster ovary [CHO] cells) and lax control in exporting EPO,
it would be left to chemistry to produce a structurally defined
chemical entity and to ensure that such an EPO would meet
its functional mission (i.e. erythropoiesis). It was with this
charge that we proceeded to EPO.
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1.1. EPO: An Essential Glycoprotein Hormone

In this narrative, we will be emphasizing the technical
challenges of preparing a glycoprotein as complex and
challenging as EPO. Nonetheless, it is perhaps appropriate
to dwell briefly on the extraordinary centrality of EPO to life
itself. EPO, a 166 amino acid glycoprotein containing four
sites of glycosylation (Figure 1), mediates a range of mech-
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Figure 1. Ribbon structure of EPO containing a consensus sequence of
N- and O-linked carbohydrate domains.

anistically distinct and crucial biological processes, from
erythropoiesis (the production of red blood cells) to post-
injury cytoprotection.” The critical role of EPO in promoting
erythropoiesis is well understood. Onset of hypoxia (defi-
ciency of oxygen) stimulates the production of EPO in the
adult kidneys. Upon release into circulation, EPO binds to the
homodimeric EPO receptor (EPOR) at low concentrations,
thus initiating a cascade sequence which culminates in the
inhibition of apoptosis of red blood cell precursors and,
consequently, enhanced erythropoiesis. To achieve effective
erythropoiesis, low levels of EPO must be maintained over
a prolonged period of time. Recombinant human EPO
(rhEPO) and analogues with enhanced plasma stability, are
widely prescribed for the treatment of EPO-deficient anemia.

Endogenous and recombinant forms of EPO are pro-
duced as complex and inseparable mixtures of glycoforms.
While it is known that individual EPO glycoforms possess
different levels of biological activity and biostability,® it has
thus far been very difficult to rigorously analyze the relative
activities of individual glycoforms without access to homoge-
neous, single-glycoform material.”! Despite the fact that
currently available recombinant techniques are unable to
deliver homogeneous samples of the glycoprotein, we (and
others) well recognize that the burgeoning field of synthetic
protein chemistry may offer a powerful and versatile solution
to the longstanding goal of acquiring single-glycoform EPO.

Indeed, on the basis of its historical biomedical import and
its complex structure, the EPO glycoprotein has emerged as
an orienting benchmark target for practitioners of protein,
and particularly glycoprotein, chemical synthesis. Over the
past decade, a number of prominent research teams, operat-
ing at the forefront of this field, have undertaken efforts
directed toward the total synthesis of homogeneous EPO.
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These endeavors have served both to inspire the development
of groundbreaking synthetic methodologies and to highlight
the significant limitations of contemporary state-of-the-art
capabilities in protein synthesis.

1.2. EPO: A Benchmark Target in Biologics Synthesis

Before we commence with a personal accounting of the
progression of our long-term EPO synthesis program, and in
the context of the cultural issues identified above, it is well to
re-emphasize that the EPO challenge has caught the interest
of many researchers who have provided impressive contribu-
tions in this arena. Several groups have reached synthetic or
semisynthetic EPO analogues bearing modifications within
the native peptide sequence or glycosylation sites. A number
of these constructs have exhibited impressive bioactivity. We
provide below a brief synopsis of some pioneering research
advances in the EPO field that have arisen from other
synthesis-directed laboratories over the past 12 years.

1.2.1. EPO as a Synthetic Target: Previous Studies

In 2001, Flitsch and co-workers employed semisynthetic
methods to gain access to homogeneous EPO glycoforms
bearing glycans appended to non-native cysteine thiol
groups.'”l In this study, recombinantly produced EPO mu-
tants incorporating Asn—Cys mutations were subjected to
chemical glycosylation with glycosyl-B-N-iodoacetamide. This
early success, albeit using recombinant protein, laid the
foundation for future synthetic efforts directed toward EPO.
Shortly thereafter, Kent and co-workers prepared a stable
and potent synthetic EPO aglycone analogue with a modified
amino acid structure.!"! Installation of two polymer domains
on the protein served to confer significantly enhanced in vivo
circulation time and biological activity. The landmark effort
by Kent et al. highlighted the power of chemical synthesis and
rational design in the development of improved biologic-
based lead therapeutic agents. Continuing their ongoing
interest in the EPO synthesis problem, the group of Kent
recently reported the synthesis of [Lys***¥]EPO aglycone,
wherein each of the three native N-glycosylation Asn residues
had been mutated to Lys.'”l The synthetic protein was found
to possess invitro activity. The groups of Kajihara and
Macmillan have also registered impressive advances in the
EPO field. Richardson and Macmillan described the prepa-
ration of a semisynthetic EPO with several amino acid
mutations and two glycans at both natural and unnatural
glycosylation sites.'”] This approach is particularly amenable
to SAR evaluations. Working together, the groups of Kajihara
and Macmillan merged the tools of chemical synthesis and
bacterial expression to generate an EPO analogue bearing
several sites of amino acid mutation.'¥ Notably, this EPO
construct incorporated two 11-mer sialyloligosaccharides,
which bear structural similarity to the natural EPO N-glycans.
Finally, as described in a recent disclosure, the Kajihara and
co-workers elegantly accomplished the preparation of a fully
synthetic EPO analogue bearing an 11-mer at one of the
native glycosylation sites (Asn83).™) A summary of these
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Table 1: Milestones en route to synthetic EPO.

Flitsch, 2001.

® Semi-synthetic EPO analog.

® One glycan at a mutant Cys residue.

Kent, 2003.

@ Fully synthetic EPO analog.

® Non-native amino acid sequence.

@ No carbohydrate groups.

® Polymer domains — potent in vivo activity.
Macmillan, 2008.

® Semi-synthetic EPO analog.

® No carbohydrate groups.

Kajihara and Macmillan, 2009.

@ Semi-synthetic EPO analog.

e Non-native amino acid sequence.

® Two carbohydrate groups (11-mer glycan).
Kent, 2012.

o Fully synthetic EPO analog.

e Non-native amino acid sequence.

@ No carbohydrate groups.

@ Possesses in vitro activity.

Kajihara, 2012.

@ Fully synthetic EPO analog

@ Non-native amino acid sequence.

@ One carbohydrate group (11-mer glycan).
Danishefsky, 2012.

\/ Fully synthetic EPO.

v/ Native amino acid sequence.

/ Carbohydrates at all native sites (chitobiose).
/ Possesses in vitro activity.

milestones en route to synthetic EPO is encapsulated in
Table 1.

The preceeding discussion illuminates the extent to which
EPO has served as an orienting benchmark target for
chemical synthesis. Using the tools of recombinant synthesis,
site-specific amino acid mutation, and chemical synthesis,
researchers in this area have made impressive advances
toward our understanding of EPO and the broader field of
glycoprotein synthesis. However, there can be no doubt that
prior to our 2012 disclosure," no total synthesis of EPO had
been accomplished. According to our previously defined
criteria, an EPO total synthesis must deliver the glycoprotein
incorporating the native amino acid sequence and carbo-
hydrate sectors at all of the native sites of glycosylation. In
2012, our laboratory achieved the first homogeneous, fully
synthetic, wild-type EPO bearing glycosylation at each of the
four native sites. Moreover, our homogeneous EPO glyco-
protein was folded and found to exhibit erythropoietic
activity in in vitro settings.

1.2.2. Introduction to the Danishefsky EPO Program

The first person to tell us about the magic of EPO and to
prod us, if only in a jocular fashion, was Richard Lerner of the
Scripps Research Institute. In time, this fateful conversation
would propel our laboratory into an exciting new direction,
thus significantly influencing our research priorities over the
next ten years and inspiring the development of a diverse
menu of broadly impactful methodological innovations in the
field of protein and glycoprotein synthesis.'’ Moreover, these
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forays in glycoprotein chemical synthesis have led us to
pursue a range of therapeutically useful glycoprotein and
protein targets, including parathyroid hormone (PTH),
parathyroid hormone-related protein (PTHrP)," and follicle
stimulating hormone (FSH).?”

At the outset of our EPO total synthesis program, we
became aware, often painfully, of significant lacunae in the
methodologies available for the synthesis of multiply glyco-
sylated proteins. Before we could even begin to mount
a serious effort toward homogeneous EPO, we would first
need to bring to fruition a range of fundamental synthetic
capabilities. In so doing, we well recognized that the
technologies developed in response to the EPO challenge
would surely accrue to the benefit of the broader field of
glycoprotein and protein synthesis. The opportunity to
achieve meaningful advances in the field of protein synthesis
held particular appeal because a foundational mission of our
laboratory has been that of devising innovative and widely
useful new synthetic capabilities in the face of challenging
target molecules. Indeed, the methods described below were
developed in the context of the EPO synthesis program and
have already been widely employed by our laboratory and
others, en route to a range of therapeutically relevant biologic
targets.

Specifically, the synthesis of the multiply glycosylated
EPO protein target would require the development of
capabilities in three key areas. First, there had to be devised
methods for the convergent synthesis of complex carbo-
hydrate domains.”! Second, the carbohydrate and peptide
domains must be efficiently merged to generate glycopeptide
fragments. Third, the individual glycopeptide sectors must be
joined to forge the glycoprotein primary structure. Here, we
were particularly concerned with the development of meth-
ods for the reiterative coupling of multiple glycopeptide
fragments and for the coupling of glycopeptides at a range of
amino acid sites.

Finally, we would seek to apply these methodological
advances to the synthesis of EPO, a glycoprotein of unpre-
cedented size and complexity. This central challenge would
encompass a significant degree of stress testing of our newly
developed methods. These broad research areas were to be
explored in parallel over the next ten years. We provide below
a roughly chronological accounting of our diverse research
activities which ultimately culminated in the first total
synthesis of wild-type EPO. Descriptions of key methodo-
logical advances and their applications to the EPO problem
are interspersed throughout this retrospective. The structures
of the various oligosaccharides employed herein are depicted
in Figure 2.

2. Development of Methods for the Synthesis of
Glycoproteins

2.1. A Method for the Synthesis of Complex Glycopeptides from
Carbohydrate and Peptide Precursors

At the outset of the program a number of methods existed
for the assembly of small glycopeptides. However, our goal to
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Figure 2. Structures of oligosaccharides employed in this Minireview.

establish fully synthetic routes to complex glycoproteins
would require mounting large glycodomains onto extended
polypeptide scaffolds. Toward this end, we first had to develop
an efficient protocol by which to assemble small glycopep-
tides, of the type 4 (Scheme 1), from mature oligosaccharide
(2) and peptide domains (3).*” The unprotected oligosac-
charide 1—accessed through glycal assembly strategies de-
veloped in our laboratory—undergoes anomeric 3-amination
under Kochetkov conditions™ to produce the glycosylamine
2. Under the aspartylation protocol of Anisfeld and Lans-
bury,?* 2 is joined to the aspartate residue of 3 to yield a short
glycopeptide fragment. This intermediate is then coupled with
a longer peptide domain through native chemical ligation
(NCL)™! to deliver the target glycopeptide adduct 6. Clearly,
an optimally convergent route to glycopeptides such as 6
would involve the direct coupling of the glycan domain to the
full polypeptide fragment. However, severe complications

amlnatlon -

glycal —
assembly — >

Lansbury
aspartylation

OH

§tBu

S
PGHN]\N/
o}

solid-phase
peptide synthesis

small peptide

Scheme 1. Glycopeptide—peptide ligation strategy. PG = protecting group.
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arising from attempts to achieve such large fragment aspar-
tylation precluded the adoption of such a strategy. As will be
described (Section 4.2), it was only in 2012 that we mastered
the complexities associated with direct aspartylation of large
glycan domains with substantial polypeptides. However, prior
to that discovery, the general strategy depicted in Scheme 1
was routinely adopted for the synthesis of glycopolypeptide
fragments.

A demonstration of the sequential aspartylation/NCL
approach is outlined in Scheme 2.7 The fully deprotected
trisaccharide 8 was coupled with the pentapeptide 9 under
Lansbury conditions. After deprotection, the resultant glyco-
peptide 10 readily underwent NCL with the polypeptide
thioester 11 to afford the fully unprotected glycopeptide
adduct 12. Importantly, a single stereoisomeric adduct was
isolated and found to correspond to the p-linked glycosyl-
amide.
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12

Scheme 2. Demonstration of a novel glycopeptide—peptide ligation protocol. DMSO = dimethylsulfpxide, HATU = O-(7-azabenzotriazol-1-yl)-

N,N,N’,N'-tetramethyluronium hexafluorophosphate.

2.2. A Method for the Synthesis of Multiply Glycosylated Peptide
Domains

Having thus achieved the capacity to synthesize complex
glycopeptide fragments bearing single glycan domains, our
next challenge would be that of assembling multiply glyco-
sylated peptides through ligation of two synthetic glycopep-
tide fragments. Of course, in thinking about the purely
chemically mediated ligation of peptides, one is naturally
drawn to consider the historic method of NCL pioneered by
Kent and co-workers.””) However, direct extension of the
Kent NCL methodology employed in the peptide—glycopep-
tide coupling protocol described above (Scheme 1) was not
considered feasible because of the difficulties inherent in
synthesizing a preformed glycopeptide thioester. In 2004, our
laboratory described the first glycopeptide—glycopeptide
ligation protocol, which featured our novel o-mercaptoaryl
ester rearrangement (OMER) technology. The general con-
cept is shown in Scheme 3. An inert ortho-thiophenolic ester
is installed on the C-terminal glycopeptide (13).*! Upon
disulfide reduction, the phenolic moiety undergoes O—S
migration, thus providing an in situ thioester (15) which is
activated for intermolecular thioester exchange with the
cysteine residue of the glycopeptide coupling partner (16).
Following spontaneous intramolecular S—N acyl transfer
(17—18), the bi-domainal glycopeptide adduct is in hand.
This approach is now used extensively by our laboratory and
others as an efficient means by which to achieve ligations in
systems where the C-terminal coupling fragment bears
a sensitive carbohydrate domain. Moreover, this OMER
methodology has also been successfully applied to the
syntheses of cyclic peptide and glycopeptide systems.?”)

At the outset, we had postulated the existence of an
unfavorable but dynamic equilibrium, whereby only small
quantities of a highly reactive thioester species (15) would be
formed. However, in a key mechanistic study® it was
subsequently observed that the thioester is in fact the
predominant species at the low pH levels used in these
ligations. As will be seen (see Section 2.3), this mechanistic
observation has been exploited for the development of
noncysteine based NCL variants.

A demonstration of the synthetic potential of the OMER
methodology is depicted in Scheme 4. The glycopeptide
precursors 19 and 20 were prepared through standard
synthetic methods. After disulfide reduction, the substrates
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underwent the hoped-for cysteine-mediated ligation to deliv-
er the bifunctional glycopeptide 21 bearing two differentiated
carbohydrate sectors.

2.2.1. Application to EPO: Synthesis of the EPO(22-37) Glycopeptide
Fragment

Having developed efficient methods for the synthesis of
complex glycopeptides, we next sought to accomplish a syn-
thesis of the EPO(22-37) fragment, bearing a dodecasacchar-
ide carbohydrate domain. The fully elaborated biantennary
N-glycan 22, incorporating the fucose and sialic acid motifs
believed to be important for in vivo EPO stability and activity,
was prepared drawing heavily from convergent glycal assem-
bly methods developed in our laboratory (Scheme 5).*! As
shown, under Lansbury aspartylation conditions 22 was
successfully merged with the small peptide 23, bearing the
requisite C-terminal ortho-thiophenolic ester, to generate the
glycopeptide 24 corresponding to the EPO(22-28) se-
quence.! Using cysteine-based NCL and OMER technology,
we coupled 24 with the peptide 25, thus generating the
EPO(22-37) fragment 26 bearing the complex EPO dodec-
asaccharide at the native asparagine residue.

2.3. Two Auxiliary-Based Approaches to Noncysteine
Glycopeptide Ligation

Very early on in this research program, we identified
a major issue that had to be confronted in the context of our
EPO total synthesis effort. The Kent NCL strategy for the
merger of individual glycopeptide fragments requires that
a cysteine residue be located at each site of ligation to activate
the peptides for coupling. However, like many naturally
occurring proteins and glycoproteins, EPO suffers from

S. J. Danishefsky et al.

a paucity of cysteine residues. Moreover, EPO’s four lonely
cysteine residues are not situated, from a synthesis perspec-
tive, at convenient disconnection points along the peptide
backbone. From its inception, a central focus of our EPO-
directed research effort had to be on the development of
a menu of broadly useful ligation capabilities, which would
tap into the logic of NCL, though not require an actual
cysteine at the proposed ligation sites. As described below, we
have indeed developed several auxiliary-based ligation strat-
egies, which draw mechanistic inspiration from the elegant
logic of NCL. We note that prior to our studies described
below the groups of Kent®'! and Dawson™ made seminal
contributions to the development of removable thiol-based
auxiliaries for NCL at noncysteine sites.

2.3.1. OMER-Based Auxiliary Approach

As described above (Section 2.2), our mechanistic studies
of the OMER-mediated ligation had revealed, somewhat
surprisingly, that the ortho-thiophenolic ester undergoes
ready O—S acyl transfer such that the thioester species is
predominant at low pH values (2-4). In light of the evidence
for the existence of a stoichiometric thioester intermediate, it
occurred to us that this reactivity might be exploited for the
development of an auxiliary-based cysteine-free ligation
protocol. The idea, outlined in Scheme 6, is pleasingly
simple.? First, the two peptide fragments would be mounted
in a meta relationship on a single aromatic scaffold (28) by
esterification (27) and reductive amination (29) methods. As
shown, the aromatic auxiliary would be equipped with
a protected thiol moiety in an ortho position relative to both
peptide fragments. Upon removal of the thiol protecting
group (30—31), we envisioned that a cascade sequence would
initiate, commencing with O—S acyl transfer of the C-
terminal polypeptide (31—32) and followed by S—N acyl
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Scheme 5. Synthesis of EPO(22-37). PBS =phosphate buffered saline, TBS =tert-butyldimethylsilyl.
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34:R=H

transfer with the amine of the second glycopeptide (32—33).
Finally, removal of the auxiliary would afford the native
peptide sequence (34).
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Scheme 8. Tether strategy for auxiliary based noncysteine ligation.
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This general strategy has been reduced to practice in
a number of settings including the synthesis of a bifunctional
glycopeptide (Scheme 7). However, the practical application
of this method to real world targets awaits, for the moment,
the development of an efficient and mild protocol for removal
of the auxiliary.

2.3.2. Temporary Tethered-Auxiliary Approach

We next envisioned a tethered-auxiliary approach to
noncysteine ligation, wherein an N-terminal thiobenzene
functionality™ is employed to temporarily engage both
glycopeptide fragments (13-+37—38), thus bringing the
reactants in sufficient proximity to undergo the key S—N
acyl transfer (38—39; Scheme 8). Following a two-step
auxiliary removal sequence, the native glycopeptide 40 would
be in hand. The feasibility of this strategy has been
demonstrated, although a practical limitation of this method
arises from the requirement that a glycine or alanine be
present as the C-terminal amino acid. In instances where both

0O-S acyl

transfer

..
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auxiliary

39:R=
MeO
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Scheme 9. Demonstration of tether strategy: Synthesis of EPO(114-166). Boc = tert-butoxycarbonyl, DMF = N,N’-dimethylfirmamide,

K=Lys(ivDde), TCEP =tris(2-carboxyethyl) phosphine.

ligation site amino acids are highly branched, much dimin-
ished yields are obtained.

2.3.3. Application to EPO: Synthesis of the EPO(114—-166) Fragment

The synthetic utility of our temporary tethered-auxiliary
strategy has been demonstrated in the context of a convergent
synthesis of the EPO(114-166) glycopeptide fragment 45
(Scheme 9).* The EPO(114-127) glycopeptide 41, bearing
the O-linked glycophorin at Ser126, was synthesized accord-
ing to standard methods. Separately, the peptide 42 was
equipped with the thiobenzene auxiliary at its N terminus
(43). In the event, 41 and 43 underwent auxiliary-mediated
cysteine-free ligation to deliver the EPO(114-166) fragment
bearing the auxiliary at Ala128. The benzyl thiol functionality
was methylated to generate 44, and upon exposure to
triisopropylsilane (TIPSH) and trifluoroacetic acid (TFA)
the auxiliary was released to afford the native EPO(114-166)
glycopeptide 45.

2.4. A Method for the Synthesis of Multiply Glycosylated Peptides
by Reiterative Ligation

As noted above, the EPO target contains four sites of
glycosylation. Our synthetic strategy envisioned the assembly
of four individual glycopeptide fragments, which would be
joined through a series of reiterative couplings. The challenge
of sequential or reiterative peptide ligation has been studied
by a number of groups with an interest in complex protein
synthesis.’” Toward this end, we endeavored to develop
a method by which differentially glycosylated multifunctional
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peptides could be generated. The general strategy is adum-
brated in Scheme 10. Two glycopeptide fragments, 46 and 16,
would be merged in the first step by OMER-facilitated NCL.
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Scheme 10. Reiterative ligation strategy.
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Scheme 11. Demonstration of reiterative ligation. Fmoc=9-fluorenylmethoxycarbonyl.

The resultant bifunctional glycopeptide 47 would be equipped
with a masked N-terminal cysteine residue, and after removal
of the N- and S-protecting groups, the adduct 48 would be
coupled with the second glycopeptide fragment 49, thus
generating a large glycopeptide bearing three different
oligosaccharide domains.

In reducing this general concept to practice, we elected to
employ the 1,3-thiazolidine (Thz) group as the cysteine
masking functionality because of its demonstrated amenabil-
ity to removal under mild reaction conditions.’® As shown in
Scheme 11, the reiterative coupling strategy outlined above
was demonstrated to constitute a feasible means by which to
access trifunctional peptide domains. The fragments 51, 52,
and 54 were merged through reiterative NCL to generate the
target sequence 55 in good overall yield.®”

2.5. An Auxiliary-Free, Noncysteine-Based Glycopeptide
Fragment Coupling

As noted above, a major goal of our laboratory has been
the development of noncysteine-based ligation capabilities.
As described in Section 2.3, we have developed two auxiliary-
based cysteine-free methods. However, such approaches may
suffer from a number of significant practical limitations. First,

NH @NH

we encounter issues in the S—N acyl transfer when relatively
hindered amino acids are located at the sites of ligation.
Moreover, excision of the auxiliary from the peptide scaffold
poses a challenge, particularly in the presence of vulnerable
glycosidic functionality. It was in this setting that we
conceived of an auxiliary-free, noncysteine-based fragment
coupling approach.

Drawing inspiration from the Blake-Aimoto silver-ion-
mediated fragment condensation reaction,! we envisioned
exploiting the unique features of the C-terminal ortho-
thiophenolic ester 13 to generate a highly activated glyco-
peptide acyl donor (56) which might be susceptible to attack
by the Nterminus of a second peptide substrate (57;
Scheme 12. The hope, of course, was that the N-terminal
residue of 57 would not have to be a cysteine residue.

As shown in Scheme 12, upon investigation we did
succeed in identifying two complementary sets of reaction
conditions under which the hoped-for noncysteine-based
fragment coupling could be achieved.”” TCEP was found to
selectively activate phenolic esters in the presence of C-
terminal alkyl thioesters, while silver chloride with HOOBL is
sufficiently powerful to activate both alkyl thioesters and
phenolic esters.

These findings prompted us to explore whether the
observed reactivity differential could be exploited to achieve

NH

(‘ non-cysteine
Ry
olypeptide —
HoN polypep
0]
57

Ry
polypeptide N polypeptide
H
(0]
58

» TCEP: Selectively activates phenolic esters in the presence of C-terminal alkyl thioesters s

» AgCl with HOOBE: Activates both alky! thioesters and phenolic esters

Can we exploit this reactivity differential to achieve reiterative fragment coupling?

Scheme 12. Glycopeptide fragment coupling strategy.
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Scheme 13. Demonstration of glycopeptide fragment coupling. DIEA=
diisopropylethylamine.

reiterative fragment couplings. As outlined in Scheme 13, the
strategy was indeed reduced to practice. The glycopeptide 59,
bearing an ortho-thiophenolic ester, underwent selective
TCEP-mediated fragment coupling with the peptide 60,
which is equipped with a C-terminal thioester, a group that
is inert under these reaction conditions. The resultant adduct
61 readily underwent subsequent AgCI/HOOBt-mediated
fragment coupling with the peptide 62 to generate the target
glycopeptide fragment 63. Despite the impressive reaction
efficiency, we did find the C-terminal amino acid residue to be
susceptible to epimerization in the fragment coupling step.
This potential issue could be obviated through the adoption of
disconnection strategies which place a proline or glycine
residue at the site of ligation. As detailed below, this general
strategy of noncysteine-based fragment coupling would find
wide application in our first generation efforts toward the
EPO glycoprotein.

2.6. A Powerful New Strategy for Noncysteine-Based
Glycopeptide Ligation

In 2007, our laboratory disclosed a major methodological
advance for the field of noncysteine ligation and, by
extension, protein and glycoprotein synthesis.”” In 2001,
Yan and Dawson proposed, and reduced to practice, a two-
step alanine ligation strategy."!! According to their protocol,
two peptide fragments are joined by cysteine-based NCL.
Following ligation, the erstwhile cysteine residue is converted
into alanine through exposure to Raney nickel reduction
conditions. While conceptually compelling, the Dawson
method suffers from significant practical limitations associ-
ated with the use of large quantities of Raney nickel for
sensitive substrates. In what we and others,***] perceive to
be a rather useful advance, our laboratory devised a mild,
free-radical-based dethiylation protocol for the conversion of
cysteine into alanine residues. This method is highly tolerant
of a diverse array of structural motifs commonly found in
peptide and glycopeptide substrates."” It is well to emphasize
that the core logic for this field-enhancing advance arose, not
from our need for a successful synthesis, but from what would
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seem to be by current standards a somewhat arcane exercise
in the generation and trapping of free radicals. Again, we note
the critical dependence of chemical synthesis on grasp of
mechanism.

We have subsequently prepared several amino acid
surrogates containing appropriately placed thiol functionality.
These surrogates are installed on the N-terminal fragments
and undergo thiol-assisted ligation to provide adducts of the
type shown in Scheme 14. Our standard metal-free dethiyla-
tion (MFD) conditions serve to readily remove the erstwhile

HS
+ -
OQ HoN polypeptide
Ssrt S,

‘ NCL

polypeptide

65

metal-free
dethiylation

TCEP, tBuSH
NH VA-044

Me
N polypeptide
H o
Al 66

a

polypeptide

This strategy has now been expanded to encompass
formal ligations at: Val, Leu, Thr, Pro.

Scheme 14. Auxiliary-free noncysteine ligation: Metal-free dethiylation
protocol.

thiol moieties. Through this approach, we have thus far
provided the means to achieve ligation at alanine,*” valine,[*°!
threonine,*’! leucine,*® and proline!®”’ residues. Other labo-
ratories have further extended the general concept of thio-
amino acid ligation and subsequent desulfurization to accom-
plish ligations at phenylalanine,”” lysine,”"! leucine,* gluta-
mine,*™ and arginine® residues. With the exception of the
Crich®™ phenylalanine ligation, which appeared prior to our
own disclosure, each of these methods employs MFD to
remove the extraneous thiol residue. As will be seen,
development of this MFD protocol would prove critical to
the success of the EPO endeavor.

3. A First-Generation Strategy Toward EPO

Using our upgraded problem-responsive methods de-
scribed above, we set out to prepare the three glycopeptide
domains which would together constitute the entire glyco-
peptide backbone. The general synthetic strategy, outlined in
Scheme 15, called for the assembly of three glycopeptide
fragments: EPO(1-28), EPO(29-77), and EPO(78-166). We

Angew. Chem. Int. Ed. 2013, 52, 7646 — 7665


http://www.angewandte.org

Total Synthesis

Angewandte
imemationalediion . CEIMIE

- L

Fmoc—{A N G J-sR H-{c N Gl-sR H-{a N s R}-oH
1 24 28 29 38 77 78 83 126 166
EPO(1-28) EPO(29-77) ; EPO(78-166)
NCL fragment
condensation

Scheme 15. First-generation synthetic strategy toward EPO.

could well envision that the former two domains would be
joined through cysteine-based NCL, while the merger at the
77-78 site would be accomplished through a noncysteine
fragment condensation. The means by which the three
individual glycopeptide fragments were assembled are out-
lined below.

3.1. Synthesis of the EPO(78-166) Fragment

EPO(78-166), the longest of the three target subunits,
incorporates both O- and N-linked glycan domains. Upon
examination of the cysteine-deficient peptide sequence, we
identified several well-situated proline residues, which should
serve as viable sites of merger using our TCEP-mediated
fragment condensation protocol (Section 2.5). We first syn-
thesized the component side-chain protected polypeptidyl (68
and 70) and glycopeptidyl (69 and 72) substrates
(Scheme 16).°! In the event, the short glycopeptide 67,
bearing a C-terminal ortho-thiophenolic ester, underwent
TCEP-mediated fragment coupling with the polypeptide 68 to
provide the glycopeptide intermediate 69. This intermediate
was further elongated through a subsequent fragment cou-
pling with the polypeptide 70. In the final coupling, the

@)
O
Fmoc—{ DAASAAP |0
67

/Q + H—{LRTITADTFRKLFRVYSNFLRGKLKLYTGEACRTGDR-OH

glycopeptide 71, representing the EPO(88-166) sector, was
merged with the glycopeptide 72 to deliver the EPO(78-166)
domain. Adoption of this fragment coupling strategy offered
the crucial advantage of preserving the precious dodecasac-
charide-bearing glycopeptide 72 as the limiting reagent.

3.2. Synthesis of the EPO(29-77) Fragment

The synthesis of the EPO(29-77) glycopeptide fragment
proved rather challenging.*® Our original plan called for the
merger of the EPO(29-42) glycopeptide subunit with the
EPO(43-77) peptide domain. However, the envisioned cou-
pling was beset with challenges, presumably arising from poor
reactivity, mismatched polarity, and severe substrate aggre-
gation. To overcome these issues, we devised a two-step
fragment coupling strategy whereby the EPO(29-42) glyco-
peptide fragment would be sequentially elongated in the N—
C direction. The successful implementation of this strategy
would require the installation of appropriately activated and
differentiated C-terminal functionalities. As shown in
Scheme 17, the glycopeptide 74 was equipped with a highly
reactive p-cyanophenyl ester. The goal was to accomplish
HOOBt-mediated fragment coupling with the peptide 75,

166

SSEt 68
1. TCEP-HCI
HOOB, DIEA;
2. piperidine
fragment coupling

Fmoc—[WEPLQLHVDKAVSGLRSL'I'I'LLRALGAQKEAISPP]—O’: +  H—(DAASAAPLRTITADTFRKLFRVYSNFLRGKLKLYTGEACRTGDR }-OH

70 SSEt 69 e
1. TCEP-HCI
HOOB, DIEA;
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fragment coupling
Fmoc—{ QALLVNSSQP J—0O + H—[VVEPLQLHVDKAVSGLRSLTTLLRALGAQKEAISPPDAASAAPLRTITADTFRKLFRVYSNFLRGKLKLYTGEACRTGDR)—OH
72 SSEL 7 "
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HOOB, DIEA,;

2. piperidine

fragment coupling
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8

EPO(78-166) (73)

Scheme 16. Synthesis of EPO(78-166).
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Scheme 17. Synthesis of EPO(29-77).

bearing an inert ortho-thiophenolic ester functionality. How-
ever, upon exposure to the basic reaction conditions our
standard ortho-thiophenolic ester underwent complete hy-
drolysis. Accordingly, we designed a more stable, ortho-
substituted variant of the OMER ester with the goal of
suppressing vulnerability to nucleophilic attack. In the event,
the EPO(43-57) peptide 75 underwent fragment coupling
with the 74 to afford the intermediate 76 in which the masked
thioester had remained intact. The final goal would be that of
achieving fragment coupling between 76 and the peptide 77,
bearing a C-terminal alkyl thioester functional handle. As
expected (Section 2.5), under TCEP-mediated conditions, the
phenolic-ester-substituted glycopeptide 76 selectively under-
went fragment coupling with 77 to deliver the target EPO(29-
77) fragment 78.

3.3. Synthesis of the EPO(1-28) Fragment

Although it is the shortest fragment, in the end the
EPO(1-28) domain posed a particular synthetic challenge
because of the absence of any functional cysteine, proline, or
glycine residues in the peptide sequence.’ This feature
precluded the implementation of cysteine-based NCL or
fragment coupling strategies. Attempts to achieve direct
Lansbury aspartylation of the dodecasaccharide glycan with
the full EPO(1-28) peptide segment resulted only in forma-
tion of aspartimide byproduct. To achieve the synthesis of
EPO(1-28), we took recourse to a noncysteine ligation
strategy. At the time of these synthetic studies, we had
recently developed the highly enabling, metal-free Cys—Ala
dethiylation protocol®! described in Section 2.6. We could
envision applying this method to the EPO(1-28) challenge.
Along these lines, we identified Ala21 as a plausible site of
disconnection. In pursuit of this strategy, we synthesized the
polypeptide 79 and the shorter glycopeptide fragment 80,
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bearing a temporary N-terminal Cys21 residue. In the event,
79 and 80 readily underwent NCL under standard ligation
conditions to deliver the glycopeptide 81 along with the
corresponding thiolactone 82 (Scheme 18). Treatment of the
deprotected 83 with thiopropionic acid served to open the
thiolactone, thus affording the intermediate 84. We were now
prepared to attempt the key dethiylation reaction. We were
pleased to find that, upon exposure to our mild MFD
conditions 84 underwent the hoped-for dethiylation to gen-
erate EPO(1-28) 85, bearing the native Ala21 residue at the
site of ligation.

With the three glycopeptide fragments in hand, we now
sought to accomplish their merger according to the strategy
outlined in Scheme 15. Disappointingly, however, exhaustive
efforts to achieve fragment coupling of the EPO(29-77) and
EPO (78-166) glycopeptides were unsuccessful and resulted
in extensive aggregation and decomposition of the glycopep-
tide precursors (Figure 3). We ultimately recognized that
a modified strategy toward EPO would be necessary.

4. A Second-Generation Strategy Toward EPO

By 2010, when we began to consider a modified EPO
disconnection strategy, we had established the versatility and
robustness of our noncysteine-based NCL/MFD approach in
a number of complex polypeptide and glycopeptide set-
tings.[***¥1 We were thus relatively confident that this ligation
technology could be successfully employed in the context of
the EPO synthesis. Our second-generation strategy toward
EPO envisioned the iterative merger of four glycopeptide
fragments through one cysteine-based NCL and two formal
alanine ligations. As shown in Scheme 19, temporary cysteine
residues would be installed at positions 79 and 125. Following
NCL, the erstwhile thiol functionalities would be removed by
MFD to provide the native alanine residues at these sites. In
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Scheme 18. Synthesis of EPO(1-28).

our opening foray, we elected to install less complex
chitobiose units at each site of N-glycosylation. As will be
shown, under the guidance of this general strategy we have
now accomplished the first total synthesis of a wild-type,
glycosylated EPO bearing chitobiose glycans.
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4.1. A Synthesis of the EPO(79—-166) Fragment

By late 2011, we were able to describe a convergent
synthesis of the EPO(79-166) fragment,® through a route
which relies heavily on the NCL/MFD capabilities developed
and optimized in our laboratory. Two long peptides (86 and
87) and two shorter glycopeptides (88 and 89) were prepared
according to our standard methods (Scheme 20). Fragments
86 and 88 were merged through our pseudoproline ligation
method to deliver the glycopeptide 90, bearing a temporary
thiol group on the Pro87 residue. Similarly, cysteine-based
NCL of 87 and 89 delivered the glycopeptide 91, which
possesses a cysteine residue at the site of ligation. The two
glycopeptide fragments, 90 and 91, were coupled by NCL to
afford the intermediate 92, bearing three extraneous thiol
groups at HS-Pro87, Cys125, and Cys128. We were pleased to
find that upon exposure to our MFD conditions 92 underwent
global dethiylation to generate the target EPO(79-166)
fragment.

4.2. A General Strategy for Oligosaccharide Aspartylation

As noted above (Section 2.1), the preparation of N-linked
glycopeptides by the Lansbury aspartylation is often severely
compromised when even moderately sized polypeptide sub-
strates are employed in the glycosylation step, because of
extensive formation of aspartimide peptidyl side products.””
The wide-reaching consequences of this significant methodo-
logical limitation, in terms of sacrifice of synthetic efficiency,
can be readily appreciated. Absent the ability to directly join
long polypeptide fragments with glycan coupling partners, we
(and others) have generally resorted to the preparation and
subsequent coupling of short glycopeptide and longer poly-
peptide fragments, a strategic necessity with significant
ramifications for overall convergence and yield, as illustrated
in Section 3.

In the context of our glycoprotein total synthesis program,
we undertook to devise a solution to the longstanding
problem of Lansbury aspartylation of large peptidyl sub-
strates. Recognizing that pseudoproline dipeptides, derived
from Ser or Thr, may be employed to great benefit in the solid
phase peptide synthesis (SPPS) of challenging peptide
sequences,® we took note of the fact that the generic
consensus sequence for N-glycosylation in native proteins is
Asn-Xaa-Ser/Thr. We wondered whether temporary installa-
tion of a pseudoproline moiety at the (n + 2) position relative
to the Asp residue might, in some way, serve to suppress
aspartimide formation, perhaps by altering the local struc-
tural or electronic character of the peptide around the

H—{(a N G }-sR H—c N a}-sr n{c_ N A)  ncs R J—OH
1 24 28 29 38 78‘ 79 8 124 125 166
EPO(1-28) EPO(29-78) ¢ EPO(79-124) R EPO(125-166)
NCL NCL; then MFD NCL; then MFD
Cys ligation Ala ligation Ala ligation

Scheme 19. Second-generation synthetic strategy toward EPO.
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Figure 3. First-generation strategy toward EPO.
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79 166

EPO(79-166) (93)

Scheme 20. Synthesis of EPO(79-166).

aspartylation site. Because a Ser or Thr residue is universally
located at the (n+2) position, such a strategy, if successful,
would represent a general solution to the very serious
problem of efficient peptide—glycan coupling.

In 2012, we accomplished the implementation of the
pseudoproline-based aspartylation concept encompassed in
Scheme 21.1" Actually, the method was initially devised to
meet the challenge associated with the synthesis of the FSH
o and f subunits.”” Under our optimized one-flask asparty-
lation/deprotection conditions, fully protected polypeptide
sequences of significant length are subjected to Lansbury
aspartylation with glycan domains to afford, after deprotec-
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tion, fully elaborated glycopeptide fragments. As outlined
below, the development of this powerful synthetic capability
has now enabled the attainment of a remarkably rapid and
convergent total synthesis of the EPO glycoprotein. Interest-
ingly, the group of Unverzagt independently conceived of the
same solution to the Lansbury aspartylation aspartimide
formation problem. Their elegant disclosure, describing the
effects of installation of a similar pseudoproline dipeptide
substructural motif at the (n+2) position in solid-phase
glycopeptide synthesis, appeared on Angewandte Chemie
(Early View) shortly prior to the publication of our own
work.[®]
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Scheme 21. Proposed solution to the problem of aspartimide formation in Lansbury aspartylation.

4.3. Highly Convergent Synthesis of the EPO(79—124), EPO(29—
78), and EPO(1-28) Fragments

Each N-linked glycopeptide fragment—EPO(79-124),
EPO(29-78), and EPO(1-28)—was prepared according to
the one-flask aspartylation/deprotection strategy described
above."! The protected peptide precursors (94, 96, and 98),
incorporating pseudoproline dipeptide motifs, were synthe-
sized through SPPS (Scheme 22). Under Lansbury conditions,
each peptide readily underwent coupling with chitobiose
glycan. Subsequent addition of a TFA cocktail (TFA/TTPSH/
H,O/phenol) served to unmask the pseudoproline function-
alities and remove the peptide-protecting groups, thereby
delivering the target glycopeptide fragments, 95, 97, and 99,
bearing the requisite cysteine-protecting groups and C-
terminal functionalization. The fourth EPO fragment, en-
compassing the EPO(125-166) sector, was prepared accord-
ing to our previously described route® (91; Scheme 20). The
remarkable synthetic advantage offered by our newly devel-
oped aspartylation method can be well appreciated in this
setting. Each of the three N-linked glycopeptide fragments
was prepared in a single step from an SPPS-derived precursor.

4.4. First Total Synthesis of the EPO Primary Structure

With the four EPO glycopeptide fragments in hand, we
now sought to explore the coupling strategy outlined in
Scheme 19. The glycopeptides 95 and 91 were merged under
standard NCL conditions to provide the intermediate 100,
which encompasses the EPO(79-166) domain (Scheme 23).

Acm Acm

This construct underwent a second cysteine-based NCL with
97 to deliver the EPO(29-166) fragment 101. At this stage,
exposure to MFD conditions served to convert the three
extraneous cysteines into the requisite alanine residues at
positions 79, 125, and 128. Upon removal of the cysteine Acm
protecting groups,®! the glycopeptide 103 was obtained. In
the final step, cysteine-based NCL with EPO(1-28) (99)
afforded the EPO(1-166) primary structure 104, which
possesses the wild-type amino acid sequence and all four
native sites of glycosylation.

4.5. Total Synthesis of Folded EPO Glycoprotein

In a parallel effort, we explored an alternative, kinetically
controlled ligation'®! (KCL)-based route to EPO, with the
goal of further optimizing synthetic convergence.'® The idea
was to accomplish a one-flask merger of the three component
EPO fragments. We reasoned that if the site of the first
disconnection were shifted from Gly28-Cys29 to Cys29-
Ala30, it should be possible to accomplish a series of
kinetically controlled cysteine-based ligations (using a tempo-
rary cysteine in place of the alanine at position 30) to deliver
the full glycopeptide sequence bearing non-native cysteine
residues at positions 30,79, 125, and 128. A single global MFD
step followed by Acm removal, should reveal the EPO
primary structure.

This strategy proved to be highly effective. The modified
glycopeptide fragments 105 and 106, bearing differentiated C-
terminal thioester functionalities, were prepared through
recourse to the one-flask aspartylation/deprotection method

StBu

BOCA[CAEHCSLNEDIT\/PDTKVNF YA WKREVGQQA\/EVWQGLALLSEAVLRGQ)—SB Boc{APPRLlCDSRVLERYLLEAKEAEDITTG)» SEt
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COzEt 2
k_pseudo—ProIlne 94 2
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then TFA/TIS/H,O/phenol
; one-flask aspartylation
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Acm Acm

| |

[ 1 2
96 98
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: then TFA/TIS/H,O/phenol ;
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29 7

1 2

EPO (20-78) (97) EPO (1-28) (99)

Scheme 22. Demonstration of aspartylation protocol: Synthesis of EPO glycopeptide fragments.
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Scheme 23. Total synthesis of the EPO primary structure. DTT =dithiothreitol, MPAA =4-mercaptophenylacetic acid.

described above.! KCL of 105 and 106, followed by in situ
activation of the Gln alkylthioester in the presence of 100
afforded the target glycopeptide 107. The crude mixture was
subjected to MFD conditions to generate 108, and subsequent
deprotection delivered the EPO(1-166) primary structure
(104). The HPLC retention time and mass spectral data
obtained from both routes (Scheme 23 and 24) were identical.

We were now poised to attempt the folding of a fully
synthetic, suitably glycosylated EPO primary structure ac-
cording to the literature reported protocol reported for CHO
cell-derived inhomogeneous EPO. In the event, following
exposure of 104 to CuSO, oxidant and N-lauroylsarcosine

Acm Acm

additive, the fully folded homogeneous EPO glycoprotein was
obtained. The reader can well imagine our delight (and relief)
when top-down mass spectroscopy analysis confirmed for-
mation of the folded glycoprotein.

4.6. Total Synthesis of Nonglycosylated Folded EPO Protein

To examine the effects of protein glycosylation on the
physical properties of EPO, we adapted the synthetic
sequence outlined in Section 4.4 to gain access to nonglyco-
sylated EPO protein. Our previously described efforts to
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Scheme 24. Total synthesis of folded EPO.
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Scheme 25. Total synthesis of folded nonglyco EPO.

accomplish the total synthesis of nonglycosylated EPO had
been beset by complications arising from the very low
solubility of the fully assembled, nonglycosylated peptide
chain.[® However, the route employed in Section 4.4 offered
a significant advantage, in that the assembly of the full peptide
sequence represents the last step of the synthesis prior to
protein folding (Scheme 25). Our efforts to accomplish the
synthesis and folding of nonglycosylated EPO protein were
indeed successful, although aggregation and solubility issues
severely complicated the acquisition of high quality mass
spectrometry data. These studies served to confirm the
admirable intuition of CHO in glycosylating its nascent
EPO, even in the form of a horrific mixture of glycoforms.

4.7. Fully Synthetic Folded EPO Glycoprotein Possesses
Erythropoietic Activity

Finally, we could evaluate the erythropoietic activity of
unfolded EPO primary sequence (104), as well as unglycosy-
lated EPO protein (119), and folded EPO glycoprotein (109).
Although unfolded EPO(1-166) failed to exhibit detectable
activity, folded EPO glycoprotein (109) and folded nonglyco-
EPO (119) demonstrated measurable biological activity. In
in vitro cell proliferation studies, both 109 and 119 promoted
formation of erythroid colonies from progenitor CD34 +
cells. The glycosylated EPO demonstrated much enhanced
activity in comparison with the nonglycosylated EPO, per-
haps because of the poor stability of the nonglycosylated EPO
(Figure 4).
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Figure 4. The image of human burst forming unit-erythrocyte (BFU-E)
colony. 60 ngmL™" synthetic folded EPO (109) and 20 ngmL™"' rhKL
stimulate purified cord blood CD34 cells to form BFU-E colony after
2 weeks

5. Conclusion

We have presented an account of the trials, tribulations,
and progress in completing our ten-year journey to a func-
tional EPO. Happily, we were able to generate the full
primary structure without any accommodations for the sake
of simplifying the problem. Moreover, we successfully
introduced glycosylation at each of the native sites. It was
shown that the prefolded EPO did not exhibit biological
function, while the folded counterpart did indeed induce
erythropoiesis. Hopefully, the stage is now set to acquire even
greater insights into the complex structure—activity relation-
ship (SAR) issues governing the effects of glycosylation on
the performance of EPO. To do ultimate justice to this
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ambitious goal, it will be necessary to generate a range of N-
glycosylated congeners of varying complexity at the native
asparagine sites. In this way, it could be possible to evaluate
the effects of glycosylation on three most interesting ques-
tions: First, we hope to be able to provide more reliable
information on the impact of glycosylation on EPO folding.
Second, we plan to assess the relationship between EPO
glycosylation and erythropoiesis activity. Finally, we will
assess the consequences of glycosylation on in vivo perfor-
mance, even in higher organisms. Ultimately, to accomplish
such goals, it will be necessary to expand our chemistry to
more ambitious glycodomains. Progress in this area is ongoing
and we are confident that the chemistry charted above will be
extendable to more complex settings. In the meantime, even
as these challenges remain to be fully overcome, and as
progress goes forward, it is perhaps fair to say that much has
already been learned.

All this said, we chance to transition from the relatively
secure terrain of reportage to the rather riskier dimension of
prediction. The exercise described above has served to
enhance our confidence that chemical synthesis is on the
cusp of being able to bring into being highly complex
structures hitherto perceived to be available only through
strictly biological means. At this stage, it is really is too early
to become seriously engrossed as to the commercializibility of
the chemistry enabled synthesis, relative to synthesis through
traditional biological means. First, the generality and limi-
tations of these EPO driven advances must be established.
Application to other high-performing biologics (cytokines,
vaccines) will help to define the limits of the emerging
capabilities. Moreover, there will surely emerge problems in
the synthesis of biologics which are best solved by combining
the optimized skill sets of the two fields in a synergistic way.
For instance, enzymatically mediated synthesis of oligosac-
charides may be interfaced with aspartylation and MFD-
driven NCL to reach homogeneous, performance-optimized
glycopolypeptides. It is only when these and other capabilities
are better sorted out that sensible predictions as to commer-
cializibility can emerge.

We close with the thought that the cause of optimization
of the synergy of the two bedrock sciences we now call
biology and chemistry would be well served by sensitive
attention to issues of cross-cultural language. It may be well
for each of the core disciplines to be increasingly responsive
to the particular passions of the other. We are hopeful that
this account of our travails and triumphs in pursuing our
obsession with EPO™! will serve the very important goal of
cross-science collegiality.
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